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INTRODUCTION
Many females have the option to balance their reproductive investment between quantity (many young) and quality (large young) (Roff, 1992) . The bene®t of a large clutch is obvious while the advantage of large offspring is not always so, and actually there are instances where normalizing selection on average size seems to occur (Congdon et al., 1999) . The present study attempted to investigate the effects, and possible bene®ts, of egg size for the individual offspring.
Egg size is not necessarily genetically determined. Large eggs may be the offspring of a large and old (Gibbons & MacCarthy, 1986; Joly, 1991) or well-fed female (Girish & Saidapur, 2000) . Non-genetic effects of the mother on the individual young have been termed maternal effects (Bernardo, 1996; Falconer & Mackay, 1996; Rossiter, 1996) . In studies of amphibians this usually refers to egg size (Parichy & Kaplan, 1992; Kaplan, 1998) . Correcting for egg size (which may be non-genetic) increases precision when studying the genetic component of characters (like tadpole growth and development) that may also be in¯uenced by egg size. This makes it feasible to analyse the possible microevolution of these characters.
Previous studies made in southern Sweden have demonstrated differences in development and growth rate between common frog Rana temporaria L. tadpoles from different ponds (Loman, in press ). In addition, these differences persisted when tadpoles were raised under standardized conditions in tanks (pers. obs.). Thus, the differences must have been present in the eggs laid in the different source ponds. These differences could be either of genetic or phenotypic origin. An obvious example of the latter possibility would be if eggs laid in some ponds are larger, and therefore develop faster (Berven & Chadra, 1988) . Thus, such a hypothetical egg size difference between ponds, may not be genotypic but it could also result from differences in growth rate or age structure between females from different ponds in this area. This has been shown for neighbouring populations of common frogs by Joly (1991) . Reading (1988) suggested that size differences between common toads Bufo bufo L. from two populations were the result of differences in growing conditions.
The second purpose of this study was to distinguish genetic and non-genetic explanations for population differences in growth and development rate of the common frog tadpole. The populations studied are from the same area where population differences in the ®eld and in tanks were observed (Loman, in press ). Egg size effects were measured and this information used to investigate possible residual pond effects, i.e. pond effects when pond differences in egg size are corrected for. Therefore, clutches with large and small eggs were selected from study ponds and raised in a`common garden' experiment (Fauth, 1998) .
METHODS
Eggs of the common frog were collected from ponds in the southernmost part of Sweden, Ska Êne. All ponds were sampled in 1993 and 1994. The eggs used came from 6 different ponds. The most south-western pond was close to Lund while the most north-eastern pond was close to Svensko Èp in central Ska Êne, 40 km away (Fig. 1) . The growth and development rate of tadpoles was determined by raising them in 80 l outdoor tanks at the ®eld station (which is situated in the same area as the source ponds).
Eggs from 4 spawn clumps were used from each pond. Two clumps with large eggs (compared to those in other clumps in each pond) and 2 with small eggs were selected. Hence, with 6 ponds, 4 clutches per year and 2 years, there was a total of 48 experimental units (tanks). In the actual analyses the measured egg size (not size category; small vs large) was used as input. From each spawn clump, 20 newly hatched tadpoles were picked at random and raised in an 80 l tank. Because eggs may increase in size (King & Kaplan, 1997) , only eggs from spawn up to 4 days old were used. Optical distortions in the jelly tend to increase random error when measuring egg size. To minimize this, the eggs were separated in a single layer and immersed in water to a depth equal to egg diameter (including jelly) when measured with callipers. There was only little within-clump variation in egg size (clutch identity accounted for 78% of egg size variation, r 2 in a 1-way AVOVA). Therefore, the average egg size in a sample of 15 eggs was computed for each clump and used as a measure for the size of the eggs in 1 clutch.
Eggs in different ponds were laid at different dates in the ®eld. To compensate for this, early laid eggs were kept in a refrigerator (at c. 4 8C) for up to 7 days. Hatching was thus synchronized and date for metamorphosis could be used as a measure of development rate. Hatching took place on 26 April 1993 and 20 April 1994. All tadpoles were measured on 25 May 1993 and 6 June 1994, respectively. For each tadpole, body length and hind leg length were measured. Hind leg length was used to compute`relative leg length': hind leg length divided by body length. This was used as a measure of development rate.
When the tadpoles approached metamorphosis, the tanks were checked daily. Tadpoles close to metamorphosis, as indicated by a tail shorter than body length, were removed, measured and released. Measurements were taken of weight, body length and tail length. If the tail was > 30% of body length, the next day was scored as the day of metamorphosis. Individual measurements on length and weight were combined to a general size index by principal component analysis; the scores of ®rst PCA-axis was used as this index.
The independent effects of year, egg size, and pond was tested with a 3-way ANCOVA. Average tank values of tadpole and metamorph performance was used as input. All considered variables of tadpole and metamorph performance were signi®cantly affected by year. This was expected as 1993 was a warmer year than 1994, and year effects were not within the scope of this study, these effects are not discussed and tested further. However, the year effect is included in the ANCOVA models as it is necessary to compensate for this when analysing the other factors. 
RESULTS

Effects of egg size
When measured at an age of c. 1 month, tadpoles hatching from large eggs were larger than those hatching from small eggs ( Fig. 5 ).
Effects of pond
The interaction between year and pond affected tadpole size signi®cantly (Table 1) . This was expressed as a signi®cant effect of pond on tadpole size in 1993 (but not in 1994), when controlling for egg size (Table 1) .
There was no pond effect on early tadpole development (relative leg length) but later, time for metamorphosis did differ signi®cantly between ponds (Table 1) . There was no signi®cant effect of pond on size at metamorphosis (Table 1) .
Correlations between different traits
For all tanks, the four measures of performance were recomputed, correcting for egg size and year effects. This was done using residual from the ANCOVA model with main effects only of year and egg size. After that, the residuals were averaged pond wise, yielding pond speci®c measures of tadpole growth and development rate. The measures of relative leg length and time for metamorphosis were (negatively) correlated (Table 2) ; they both represent aspects of development rate. However, these two measures were also correlated with tadpole size (growth rate), fast-growing tadpoles developing quicker and metamorphosing earlier ( Table 2 , Fig. 6 ). The correlations with size at metamorphosis were less consistent.
In the ®eld, variation in time for metamorphosis is, in addition to the variation that is discussed here (i.e. corrected for the egg size effect), also due to amongpond variation in egg size. Such variation does exist for R. temporaria in the study area (Loman, 2001) . For the six ponds, in this study, there was no correlation between these two sources of variation; average pond egg size (from Loman, 2001) and residual day of metamorphosis, as measured in the present study (r = 70.26, n = 6, P = 0.63).
DISCUSSION
Egg size effects
This study clearly shows that egg size does affect tadpole growth and development. Tadpoles hatched from large eggs grew and developed faster, metamorphosing before those hatched from smaller eggs. However, because of the longer development of tadpoles from small eggs, size at metamorphosis was similar for all tadpoles, regardless of egg size (Fig. 7) . The effect of egg size on development rate may represent a genetic variation in development rate to the extent the variation in egg size is genetic. It may also represent a non-genetic maternal effect; egg size may possibly depend on female condition and/or age. This study does not allow a separation of these effects.
This pattern of egg size effects is similar to those that have been found for differences in environmental quality (e.g. food resources) (Blouin, 1992; Beck, 1997; ; pers obs.). Altogether, metamorphs originating from large eggs seem to have a head start. Goater & Vandenbos (1997) have shown for wood frog Rana sylvatica that this size advantage remains at least to the end of the ®rst growing season. Some other studies have yielded similar results. In a study by Parichy & Kaplan (1992) , initially small tadpoles (Bombina orientalis) presumably hatched from small eggs (Williamson & Bull, 1989; Gollmann & Gollmann, 1994; Parichy & Kaplan, 1995) , grew and developed similarly to large larvae when raised under good food conditions. However, when raised under poorer food conditions they metamorphosed later and at a smaller size. Thus, egg size, as in my study, affected both growth and development rate. However, in the end those tadpoles, in contrast to those in my study, under resource stress`made' a compromise between time and tF vomn 96 Semlitsch & Smiedhausen (1994) showed the opposite interaction between resource level and the effect of egg (actually hatchling) size on Rana lessonae tadpole growth rate, age and size at metamorphosis; at high food levels the larger hatchlings performed better, but at low food levels no size effect was observed. Berven & Chadra (1988) showed that in the wood frog, tadpoles from small eggs always metamorphosed later than those hatching from large eggs. However, with abundant resources they did not metamorphose until they were even larger than those hatching from large eggs! With poor resources, they acted like the Bombina larvae of Parichy & Kaplan (1992) and metamorphosed at a smaller size than those hatching from large eggs. The larvae in the present study thus behaved like those of Berven & Chadra (1988) , assuming that they were raised under intermediate resource levels.
Not all studies have detected effects of egg size on tadpole growth and development. Negative or non-signi®cant results have been reported by Crump (1984) (Hyla crucifer), Surova & Cherdantsev (1987) Merila È, Laurila, Phakala et al. (2000) have shown that the amount of food during the ®rst 4 days of Rana temporaria tadpole life in¯uences age (and size) at metamorphosis. The effect found may thus be a direct effect of the nutrients and energy that come with a large egg.
Egg size may affect other aspects of tadpole ®tness. Bombina orientalis tadpoles hatched from large eggs and raised in cold water were less susceptible to predation than those hatched from small eggs. However, the opposite was true when tadpoles were raised in warmer water (Kaplan, 1992) . Tadpoles hatched from large eggs of several Greek species were better at surviving starvation than those hatched from small eggs (So®anidou, Pirovetsi-Vassiliadous & Kiriakopoulou-Sklavouna, 1997 ). On the other hand, at low pH, large eggs had a lower hatchability than small ones in wood frogs (Pierce, Margolis & Nirtaut, 1987) . More examples are cited in a review by Kaplan (1998) . Thus egg size effects often interact with environmental quality, making it dif®cult to separate`negative' results from demonstrated effects unless a very detailed analysis of the in¯uence environmental variation is made. My study yielded a clear effect of egg size, but the design does not allow an analysis of any interactions with growing conditions.
Given that large eggs results in fast growth and development and early metamorphosis, what is the importance of this for ®tness? A fast growth may reduce the time the tadpole is vulnerable to size-limited predators (Lardner & Loman, 1995; Werner & Anholt, 1996) . Fast development and early metamorphosis reduces the risk of drying from desiccation, should the pond dry early (Cooke, 1985; Loman, 1996) . There are also studies suggesting early metamorphosing individuals are larger at ®rst reproduction than late metamorphosing ones (Ambystoma talpoideum; Semlitsch, Scott & Pechman, 1988) . All these effects are probably advantageous.
Pond effects
Tadpoles from different ponds performed differently, in addition to effects from any egg size differences between ponds. This effect was only signi®cant for time for metamorphosis and, in 1993, for tadpole body size. Interestingly, comparing different ponds, these effects had not the character of a trade-off. Rather, even after correcting for egg size differences, tadpoles in some ponds grew fast and metamorphosed early (Fig. 6 ). Either tadpoles from these ponds had a higher overall quality (provided these traits are advantageous) or tadpoles in these ponds balance these traits with some behavioural trait. A possible scenario follows. For some frog species it has been shown or suggested that tadpoles reduce activity in the presence of predators (Skelly & Werner, 1990; Semlitsch & Reyer, 1992; Anholt & Werner, 1999) , thus reducing growth rate (Skelly, 1992; Laurila & Kujasalo, 1999) . It is possible that low activity level is a ®xed trait for tadpoles from some ponds (and thus persisted when raised in tanks). Such a situation has been demonstrated for the moor frog Rana arvalis (Lardner, 1998) . One could expect such a trait to be present in ponds where predators are often encountered. So, ponds with slowly growing and slowly developing tadpoles could be ponds where the tadpoles have a trait for carefulness (and feed slowly). Therefore these tadpoles grow and develop slowly.
There is also some evidence for a more speci®c scenario. In this study, ponds with fast growing and fast developing tadpoles (after correcting for egg size effects) were those that regularly dry out in dry summers (Fig. 6) . It makes sense that tadpoles in temporary ponds develop quickly, but why also grow larger? The fate of the pond is conditional and the response (a faster 97 development) is at least partly facultative (Laurila & Kujasalo, 1999; Loman, 1999; . Also, some studies suggest that increased development rate has a price, namely decreased growth rate (Laurila & Kujasalo 1999; . Thus, high growth rate gives tadpoles in potentially temporary ponds the possibility of sacri®cing some of their potential size for an early metamorphosis if necessary. This was not necessary in the experiment as the water level remained high throughout the metamorphosis period.
Was this residual (after correcting for egg size and year) pond effect genetic, representing a case of microevolution between ponds? Genetic differentiation between salamander larvae (Semlitsch & Wilbur, 1989; Semlitsch, Harris & Wilbur, 1990 ) and frog tadpoles (Reh & Seitz, 1989; Regnaut, 1997) from nearby ponds has indeed been demonstrated. Also, Travis, Emerson & Blouin (1987) have shown that variation in larval growth and development rate can indeed be the result of genetic variation. In a previous study (pers. obs.), source pond affected tadpole size, relative leg length and date of metamorphosis signi®cantly. The previous results included the effect of possible source pond differences in egg size and other maternal effects. Altogether, pond effects could be (non-exclusive alternatives) genetic, mediated by egg size (genetic and non-genetic) and, hypothetically, mediated by pond speci®c substances (taken up by the females and passed on to the eggs) that affect tadpole performance (the latter alternative is thought unlikely). The present study shows that pond effects remain, even after correction for egg size effects. I have previously argued that these pond effects were most probably of genetic origin. The present ®ndings, where effects of egg size are corrected for, make the case stronger. More support comes from the fact that the pattern of variation may, as suggested above, be explained in terms of local adaptions.
